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A b s t r a c t  
 

The lack of a general transition to environmentally oriented (environmentally friendly) ag-
riculture is primarily due to the fact that use of biologicals shows unstable effects. An impact of the 
introduced microorganisms on the native soil microbiota, in particular, on natural microbial-plant 
relations, remains little studied. The purpose of this work was to study the effect of growth-
stimulating strains of Paenibacillus ehimensis IB 739, Pseudomonas koreensis IB-4 and Ps. chlororaphis 
IB-51 on the legume plant—an aboriginal microbial community ecosystem. Seeds of pea (Pisum 
sativum L.) variety Chishminsky 95, white lupine (Lupinus albus L.) variety Dega, chickpea (Cicer 
arietinum L.) variety Zavolzhsky, alfalfa changeable (Medicago ½ varia Martyn) variety Galia, white 
melilot (Melilotus albus Medik.) variety Chermasan were treated with liquid cultures of rhizosphere 
bacteria strains. Sterile tap water was the control, and well-known microbiological fertilizer Azoto-
vit® based on Azotobacter chroococcum B-9029 strain was the standard. Seed germination percentage, 
plant size, the number of root nodules, root rot lesions, nitrogen accumulation in the soil and nitro-
gen assimilation by plants, and abundance of inoculants in the soil served as estimates of the effect of 
seed inoculation during 45-day pot experiment carried out under room temperature and natural 
lighting. Plants, along with the soil samples for counting inoculants, were collected on day 18 and 
day 45, the samples for assessing nitrogen accumulation were collected on day 45. The obtained data 
indicate the stimulating effect of strains P. ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis 
IB-51 on the formation and function of various legume-rhizobial communities. Treatment with plant 
growth-promoting (PGP) microorganisms improved seed germination, plant growth and develop-
ment. In seed treating with Ps. chlororaphis IB-51, the root length predominantly increased, whereas 
Ps. koreensis IB-4 strain stimulated the development of the aerial parts. The Ps. chlororaphis IB-51 
and Ps. koreensis IB-4 were most effective on pea, lupine and chickpea plants with no growth stimu-
lation on alfalfa and melilot plants The inoculation of seeds with tested bacterial strains was found to 
suppress of the development of microscopic fungi in the rhizosphere, as a result, the root rot on peas 
decreased from 66.7 % to 25.3-43.8 %, on lupine from 35.9 % to 20.3-25.0 %. The inoculants 
showed no inhibitory effect on rhizobia, on the contrary, nodulation became more abundant. After seed 
bacterization of fodder crops with P. ehimensis IB 739, the number of nodules on the roots increased 
1.9-2.6 times. P. ehimensis IB 739 proved to be the most active in providing accumulation of nitrogen 
in plants and in the soil. The nitrogen concentration in the treated pea plants was 8.5 % vs. 3.9 % in 
the control, in lupine — 8.6 % vs. 5.0 % in the control. To summarize, the growth-promoting proper-
ties of a strain do not guarantee its favorable effect on the productivity of leguminous plants. Strains 
having similar characteristics can significantly differ in their effectiveness on the same legume crops. 
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To date, researchers know of a number of direct [1-3] and mediated [4, 
5] positive bacterial effects on plants. It has been discovered that the same plant 
growth-promoting bacterium, PGPB, can have a variety of phyto-positive traits 
[6, 7]. Unfortunately, how introduced microbial species may affect the aboriginal 
soil microbiota remains to be seen, in particular, the effects of biologicals on the 
native microbe-plant symbiosis [8]. The efficiency of a biological preparation has 
been proven to depend not only on its functionality but also on whether the bio-
logical control agents it contains manage to fill a niche in the existing microbial 
community [9-11]. 

The legume-rhizobial community is a well-known example of a balanced 
phytomicrobiome. Nodule bacteria are naturally symbiotic with legumes and 
provide the latter with extra nitrogen. However, only some Rhizobium strains 
are able to boost crop productivity by synthesizing phytohormones [12, 13] and 
controlling phytopathogens [14, 15]. In this regard, it seems important to ana-
lyze how introducing microorganisms with useful traits might potentiate the leg-
ume ecosystem. 

The biological activity of the plant growth-promoting bacteria Paeni-
bacillus ehimensis IB 739 (VKM B-2680D), Pseudomonas koreensis IB-4 (VKM 
B-2830D), and Ps. chlororaphis IB-51 is very complex, as all the three strains 
antagonize phytopathogens while also being capable of producing phytohor-
mones and improving the plant nitrogen intake. The ability of the strains P. 
ehimensis IB 739 and Ps. koreensis IB-4 to fix nitrogen is comparable to the ni-
trogenase activity of bacteria from the genus Azotobacter [16]. All of these strains 
produce cytokinins, albeit in negligible amounts; only Ps. chlororaphis IB-51 can 
produce auxins. Notably, P. ehimensis IB 739 and Ps. koreensis IB-4 also pro-
duce exopolysaccharides (EPS) [17, 18]. This is a positive trait for plant inocula-
tion, as the presence of EPS in a bacterial preparation improves the viability of 
microbial cells on the seed surface. 

As noted above, whether the useful traits of this or that microbe are prac-
tical depends on whether these bacteria survive in the rhizosphere of the host plant 
[19, 20]. Experimentation on spring wheat and cucumbers has revealed that P. 
ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis IB-51 are able to suc-
cessfully colonize the rhizosphere; the microbial population remains high 
throughout the growing season [21, 22]. 

This paper is the first to present a comprehensive comparison of the ef-
fects that introducing Rhizobacteria strains, each of which has a unique combina-
tion of growth-promoting traits, has on perennial and non-perennial legumes; it 
shows that even if a strain is able to promote the growth of legumes, it might still 
fail to boost productivity. 

The goal hereof is to analyze how the growth-promoting strains Paeni-
bacillus ehimensis IB 739, Pseudomonas koreensis IB-4, and Ps. chlororaphis IB-51 
affect a plant’s ecosystem, i.e. the aboriginal microbial community.  

Techniques. The experimental tests carried out in 2017 used clayey-illuvial 
chernozem: 4.2% total humus, 0.5% total nitrogen, 5.6 mg of labile phosphorus 
per 100 g of soil, pHwat. 6.3). To optimize the air and water parameters, each pot 
contained drainage (a 2-centimeter high layer) and air-dry non-sterile soil (1,300 
g); the content of each pot was moisturized to 60% of its total water capacity. 
Phosphorus was quantified by Kirsanov’s method; acidity was tested by potenti-
ometry [23].  

Seeds of pea (Pisum sativum L.) variety Chishminsky 95, white lupine 
(Lupinus albus L.) variety Dega, chickpea (Cicer arietinum L.) variety Zavolzh-
sky, alfalfa changeable (Medicago ½ varia Martyn) variety Galia, and white meli-
lot (Melilotus albus Medik.) variety Chermasan were sterilized by soaking in 1% 
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potassium permanganate solution over 30 minutes, then rinsed 5 times with 
plenty of sterile tap water, then submerged in water for 24 hours for swelling, 
after which they were placed on moistened filter paper to grow over 24 hours at 
room temperature; the research team thus rated their germination in laboratory 
conditions. 

Seeds were treated with a liquid culture of bacterial strains, the microbial 
titer of which was known (108 to 109 CFU/ml). P. ehimensis IB 739 was cul-
tured in Medium I [24], Ps. koreensis IB-4 and Ps. chlororaphis IB-51 were cul-
tured in King’s B medium [25]. Seeds were inoculated at 105 cells per seed for 
larger seeds (pea, lupine, and chickpea) or at 103 cell per seed for smaller seeds 
(alfalfa, melilot). Pea, lupine, chickpea (5 seedlings each), alfalfa, and melilot 
(10 seedlings each) were planted in pots. Planting depth varied from 1 to 3 cm, 
although plants whose seed lobes would not surface (pea and chickpea) were 
planted deeper. For control, seeds were treated with sterile tap water. For addi-
tional monitoring of how the concentration of nitrogen in the soil was changed, 
some pots contained soil and but no plants. For reference, the team used Azoto-
vit®, a well-known microbiological fertilizer based on Azotobacter chroococcum 
B-9029 (registered by Industrial Innovations LLC, Russia, http://azotovit.ru). 
Azototovit producers recommend it as a universal multipurpose fertilizer that can 
boost plant nitrogen intake, suppress phytopathogenic microflora, and promote 
the growth of the vegetative system (leaves, stems, and inflorescences), thus im-
proving the yield.  

Experiments were carried out at room temperature in natural light over 
45 days. Plants were sampled on Days 18 and 45, the soil was sampled to ana-
lyze some microbial populations on Days 18 and 45; nitrogen was only quanti-
fied for Day 45 samples. Plants were extracted with soil and had their roots care-
fully washed; then the team measured the size and quantity of newly sprouted 
nodules. Total Kjeldahl nitrogen, TKN, was measured for dried plant samples. 
Root rot was analyzed and reported per the guidelines in [26]. The microbial 
population of the rhizosphere was quantified by inoculating serially diluted soil 
suspension onto agarized nutrient media: MPA (microorganisms using organic 
nitrogen), Ashby’s medium (aerobic free-living nitrogen-fixing bacteria and 
oligonitrophiles), and Czapek-Dox medium mixed with lactic acid (micromy-
cetes) [27]. 

Data was processed statistically in Microsoft Excel. For processing, the 
researchers calculated the means (M) and standard errors of the mean (±SEM). 
Significance was tested by Student’s t-test with a threshold p  0.05. 

Results.  Soil analysis showed the availability of high-solubility phos-
phates to legumes was average in the case of neutral pH. Such soil is hospitable 
to active forms of spontaneous nodule-bacteria strains.  

Table 1 summarizes the data to visualize the positive effects of 
P. ehimensis IB 739, Ps. koreensis IB-4, and Ps. chlororaphis IB-51 on plants [16, 
17, 21, 22]. The legumes experimented upon differ in habitat. Apparently, while 
Rhizobium leguminosarum (a pea microsymbiont) are ubiquitous, chickpea and 
lupine might lack the microsymbionts they need if planted in soil that has never 
previously hosted such plants. 

For non-perennial legumes (pea, lupine, and chickpea), the laboratory 
germination rate was 92.5% to 98.0%. Forage grasses (alfalfa and melilot) had a 
lower germination rate of 77.0% and 82.0%, respectively. In this experiment, 
Ps. koreensis IB-4, P. ehimensis IB 739 cultures, and Azotovit® had positive ef-
fects on legume germination. Interestingly, alfalfa was the most susceptive spe-
cies.  

The germination rate peaked in seeds treated with a liquid Ps. koreensis 
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IB-4, culture, which resulted in a 15-20% increase in germination against the con-
trols. Ps. chlororaphis IB-51 had very little to no effect (on pea and chickpea). 
These results are not consistent with data on the phytohormonal activity of 
strains, see Table 1. Thus, Ps. chlororaphis IB-51 far exceeds Ps. koreensis IB-4 
in the synthesis of plant growth regulators; however, it did not have any positive 
effect on germination rates.  

Indole-3-acetic acid (IAA) can be inhibitive at higher concentrations [28], 
with varying the amount of inoculated bacterial producers being the easiest way to 
regulate phytohormone concentration in the rhizosphere [29-31]. Earlier, Loginov 
found that a higher titer of Ps. chlororaphis IB-51 had negative effects on the ger-
mination rates in some vegetables [18]. Apparently, a similar effect was observed 
in this experiment, too. It has been hypothesized that if the strain-synthesized 
phytohormones are in a complex with exopolysaccharides, as is the case for P. 
ehimensis IB 739 and Ps. koreensis IB-4, the gradual dissociation of this complex 
mitigates and prolongs the phytohormonal effects on plants [32]. 

Auxins are believed to mainly stimulate root growth (lengthening and 
branching [31]) while also positively affecting the leaves. In turn, cytokinins main-
ly activate shoot growth rather than root growth; in fact, they might even inhibit 
the latter [33]. In this experiment, seed groups exposed to Ps. chlororaphis IB-51 
(which produces auxins and cytokinins) mainly tended to grow longer roots, see 
Figure 1A, and more leaves. Growth promotion of the aerial part was mainly ob-
served for seeds inoculated with Ps. koreensis IB-4 (a cytokinin producer) and 
Azotovit®, see Figure 1B. However, it would be undue to say that different 
strains affect different parts of their symbiotic plants. Thus, P. ehimensis IB 739 
(a cytokinin producer) promoted the growth of shoots in pea, alfalfa, and meli-
lot; and the growth of roots in lupine and chickpea. 

 

A B 

  
Fig. 1. Growth of roots and shoots in legumes under inoculation with PGPB strains: (A) pea (Pisum 
sativum L.), control to the left, Pseudomonas chlororaphis IB-51 treatment to the right; (B) white 
lupine (Lupinus albus L.), left to right: Azototovit® treatment, Ps. koreensis IB-4 treatment. 

 

Ps. koreensis IB-4 and Ps. chlororaphis IB-51 affected pea, lupine, and 
chickpea the most; they had either limited or zero effect on alfalfa and melilot. 
Perhaps, this was due to toxins present in alfalfa and melilot seed husks, in par-
ticular, alkaloids [34], while the Pseudomonas strains under analysis were less 
resistant to microbicides than Paenibacillus or Azotobacter.  

First nodules emerged on  Day 10 after sprouting. However, chickpea 
roots did not develop nodules throughout the experiment, which was logical. 
Chickpea is not a priority crop in the Republic of Bashkortostan; soil might lack 
the nodule bacteria specific to this species. Initially, pea roots developed the 
largest number of nodules, perhaps due to the fast growth of this species, see 
Table 2. However, melilot took lead by the end of the experiment in nod-
ules/plant. Nodules would emerge on the taproot and on the secondary/side 
roots (mainly in the root hair zone), as well as on the stem. Treatment with a 
liquid P. ehimensis IB 739, Ps. chlororaphis IB-51 culture or Azotovit® resulted  
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1. Known positive effects of the analyzed plant growth-promoting bacteria (M±SEM) [16, 17, 21, 22] 

Strain 
Phytohormone synthesis, ng/ml LC Ability to fix atmospheric nitrogen Phytopathogen-antagonistic mechanisms 

cytokinins IAA growth in Ashby’s medium nitrogenase activity, µg N2ʺml1ʺh1 antibiotics proteases chitinases 
Paenibacillus ehimensis IB 739 190.3±25.3  Moderate  0.67±0.021 + + + 
Pseudomonas koreensis IB-4 119.0±17.3 40.4±4.7 Abundant 0.68±0.030 + +  
Ps. chlororaphis IB-51 205.4±42.1 878.1±93.2 Moderate 0.08±0.002 + +  
N o t e. LC stands for liquid culture, IAA stands for indole-3-acetic acid. Dash means that enzymes and metabolites were not detected.. 

 

2. Morphophysiological indicators of legumes as affected by treating seeds with growth-promoting strains at different post-inoculation times (M±SEM, 
pot test, 2017) 

Test group 
Day 18 Day 45 

length of the aerial 
part, cm 

taproot 
length, cm 

number of  
leaves 

number of nodules 
per plant 

length of the aerial 
part, cm 

taproot length, 
cm 

number of  
leaves 

number of nodules 
per plant 

P e a  (Pisum sativum L.), cv. Chishmishinskii 95 
Control (water) 32.3±1.7 11.0±0.8 6.3±0.7 2.1±0.9 73.7±5.8 16.2±0.9 12.7±1.3 9.0±2.5 
Paenibacillus ehimensis IB 739 38.5±2.1* 11.3±0.8 7.0±0.5 3.7±1.2 77.6±4.1 15.7±1.5 14.5±2.1 12.7±4.4 
Pseudomonas koreensis IB-4 38.0±2.2* 10.8±0.6 6.7±0.6 1.8±0.3 85.5±4.7* 18.2±0.9* 15.4±1.1* 20.4±3.8* 
Ps. chlororaphis IB-51 36.3±2.8 12.7±0.7* 5.7±0.5 14.0±2.4* 76.3±6.3 18.4±0.8* 15.0±0.8* 20.3±5.1* 
Azotovit® 38.7±2.5* 7.6±0.6* 5.5±0.3 6.8±3.9 84.0±4.2* 14.0±1.1* 14.0±2.5 10.4±1.7 

W h i t e  l u p i n e  (Lupinus albus L.). cv. Dega 
Control (water) 14.7±0.9 8.3±0.6 4.0±0.5 0.3±0.1 29.1±2.5 14.5±2.1 10.5±1.4 10.2±2.0 
Paenibacillus ehimensis IB 739 16.2±1.4 8.8±0.5 4.0±0.2 6.3±0.5* 30.0±3.2 18.3±1.5* 11.3±2.9 10.7±1.8 
Pseudomonas koreensis IB-4 18.5±1.1* 8.8±0.5 5.0±0.6  34.3±2.6* 14.6±1.8 11.7±2.5 8.3±1.7 
Ps. chlororaphis IB-51 16.8±1.3 10.0±0.8* 5.0±0.5 0.5±0.1 36.0±3.8* 18.7±1.5* 13.3±1.2* 17.0±2.5* 
Azotovit® 17.7±1.1* 8.3±0.6 4.0±0.4  35.7±3.9* 15.3±2.8 11.3±1.9 16.0±1.9* 

C h i c k p e a  (Cicer arietinum L.), cv. Zavolzhskii 
Control (water) 28.5±1.9 12.7±1.1 9.4±0.6  38.1±3.0 17.0±1.8 16.0±2.8  
Paenibacillus ehimensis IB 739 31.0±2.1 17.5±1.0* 10.3±0.7  40.0±3.7 20.3±2.5 15.3±2.1  
Pseudomonas koreensis IB-4 27.0±1.5 15.3±0.8* 9.7±0.6  44.0±2.5* 22.5±3.1* 14.7±1.9  
Ps. chlororaphis IB-51 31.3±1.8 13.8±0.8 10.7±0.9  44.0±2.7* 21.7±2.7* 17.0±2.9  
Azotovit® 30.3±2.3 11.2±0.6 9.0±0.5  45.7±3.1* 16.3±2.5 16.0±2.9  

A l f a l f a  (Medicago ½ varia Martyn), cv. Galiya  
Control (water) 9.3±0.8 5.2±0.7 3.1±0.3 1.9±0.5 18.9±2.2 15.0±1.9 7.2±1.3 7.2±2.1 
Paenibacillus ehimensis IB 739 9.8±0.7 4.1±0.5 3.0±0.3 1.8±0.3 23.1±1.7* 15.1±2.1 10.7±1.9* 18.4±4.9* 
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Table 2 continued 
Pseudomonas koreensis IB-4 9.5±1.0 5.9±0.5 3.3±0.3 3.8±1.5 17.8±2.7 14.2±2.5 8.1±1.8 11.1±3.0 
Ps. chlororaphis IB-51 8.8±0.7 4.7±0.4 2.8±0.4 1.8±0.2 18.1±2.1 14.8±2.5 8.0±1.9 10.6±1.9 
Azotovit® 10.4±0.9 6.0±0.5 3.1±0.3 2.4±0.5 19.1±2.9 14.9±2.7 9.3±0.6* 25.2±6.7* 

W h i t e  m e l i l o t  (Melilotus albus Мedik.), cv. Chermasan  
Control (water) 7.2±0.6 5.0±0.4 2.9±0.3 1.5±0.6 14.0±0.9 14.3±1.1 5.6±0.7 12.5±2.6 
P. ehimensis IB 739 8.5±0.5* 5.5±0.4 3.3±0.3 1.3±0.3 15.6±1.8 15.4±2.5 6.4±1.1 23.9±3.8* 
Pseudomonas koreensis IB-4 8.3±0.6 5.6±0.5 2.7±0.2 3.0±1.0 14.0±1.3 12.3±2.0 6.0±1.0 13.6±1.8 
Ps. chlororaphis IB-51 6.7±0.5 4.6±0.4 3.1±0.4 2.1±0.5 16.2±1.9 15.1±1.9 7.0±0.5* 16.6±2.9 
Azotovit® 6.6±0.6 6.4±0.3* 2.8±0.3 0.6±0.3 20.6±3.1* 16.3±0.7* 7.7±0.9* 37.1±7.8* 
N o t e. Dash means no nodules emerged. 
* Difference from the control is statistically significant at p  0.05. 

 

3. Different microbial populations (CFU/g of abs. dry soil) of the rhizosphere of legumes as affected by treating seeds with growth-promoting strains 
at different post-inoculation times (M±SEM, pot test, 2017) 

Test group Pea (Pisum sativum L.) Lupine (Lupinus albus L.) Chickpea (Cicer arietinum L.) 
Alfalfa  
(Medicago ½ varia Martyn) 

White melilot  
(Melilotus albus Medik.) 

Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 Day 18 Day 45 

M i c r o o r g a n i s m s u s i n g  o r g a n i c  n i t r o g e n, ½107 
Control (water) 5.4±0.7 4.4±0.8 3.5±0.6 5.8±0.5 5.3±0.9 3.9±0.3 2.7±0.8 0.9±0.5 1.0±0.3 1.9±0.5 
Paenibacillus ehimensis IB 739 6.3±0.8 1.0±0.1* 2.4±0.6 0.8±0.2* 6.4±0.7 1.2±0.2* 1.4±0.6 2.0±0.8 0.3±0.1* 2.5±0.5 
Pseudomonas koreensis IB-4 4.3±0.6 1.7±0.2* 4.3±0.4 3.1±0.3* 3.3±1.3 1.3±0.2* 0.6±0.1* 2.0±0.7 0.5±0.2 3.1±0.9 
Ps. chlororaphis IB-51 5.4±0.3 6.4±1.3 3.2±0.4 1.9±0.2* 4.2±0.7 0.7±0.1* 0.7±0.2* 2.0±0.6 1.0±0.2 2.9±0.6 
Azotovit® 4.1±0.7 2.3±0.3* 3.2±0.5 1.5±0.2* 6.7±0.9 1.4±0.3* 1.1±0.4* 1.9±0.6 1.2±0.3 1.6±0.3 
 A e r o b i c  f r e e - l i v i n g  n i t r o g e n - f i x i n g  b a c t e r i a  a n d  o l i g o n i t r o p h y l e s, ½107 
Control (water) 1.2±0.3 2.0±0.4 1.6±0.2 1.2±0.4 2.8±0.6 1.1±0.2 1.2±0.5 1.7±0.3 0.8±0.2 1.3±0.5 
P. ehimensis IB 739 2.1±0.6 2.4±0.2 1.6±0.2 1.3±0.3 3.6±0.5 1.1±0.1 1.5±0.3 1.5±0.3 0.9±0.2 2.1±0.5 
Pseudomonas koreensis IB-4 1.6±0.3 1.5±0.3 2.0±0.3 0.8±0.2 3.0±0.4 1.2±0.1 0.5±0.2 1.7±0.5 0.9±0.2 2.5±0.8 
Ps. chlororaphis IB-51 1.1±0.3 1.5±0.4 1.7±0.3 2.1±0.6 1.6±0.8 0.8±0.2 0.9±0.2 1.8±0.3 0.8±0.1 1.5±0.4 
Azotovit® 0.8±0.2 1.1±0.6 1.9±0.3 1.2±0.3 2.2±0.4 1.2±0.2 1.4±0.3 1.8±0.2 0.5±0.1 1.9±0.5 
 M i c r o m y c e t e s, ½104 
Control (water) 8.6±0.8 4.2±0.3 35.0±3.6 3.4±0.4 13.3±1.1 1.4±0.4 11.3±1.0 2.5±0.5 9.8±0.9 2.9±0.5 
P. ehimensis IB 739 4.1±0.5* 1.8±0.2* 4.5±0.4* 3.0±0.3 3.3±0.3* 2.2±0.5 4.9±0.5* 3.9±1.0 1.6±0.3* 3.2±0.6 
Pseudomonas koreensis IB-4 3.2±0.4* 1.5±0.1* 2.0±0.2* 2.6±0.5 2.1±0.2* 1.8±0.3 0.8±0.1* 2.3±0.5 0.5±0.1* 3.9±0.6 
Ps. chlororaphis IB-51 4.7±0.6* 5.0±0.5 2.8±0.3* 1.1±0.2* 4.9±0.5* 1.4±0.2 2.3±0.3* 3.6±0.7 1.6±0.2* 2.2±0.4 
Azotovit® 8.1±0.5 1.5±0.2* 3.4±0.4* 3.1±0.3 7.3±0.6* 2.3±0.5 1.7±0.2* 1.3±0.8 4.7±0.5* 2.6±0.4 
* Difference from the control is statistically significant at p  0.05. 
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in the emergence of larger pink nodules, mainly clustered around the taproot. 
Bacterial inoculation mainly had positive effects on nodulation; however, 

plants of different genera responded differently to introducing PGPB into the 
microbial community of their rhizosphere. Pea plants treated with Ps. chlorora-
phis IB-51 and lupine treated with P. ehimensis IB 739 had several times higher 
nodulation than their respective controls (p  0.05) as early as on Week 3. In 
alfalfa and melilot, there was no significant difference in nodulation between the 
controls and the experimental groups after two weeks of growth; by the end of 
the experiment, plants treated with P. ehimensis IB 739 and Azotovit® had 1.9 
to 3.5 times more nodules (p  0.05). Pseudomonas strains did not induce statis-
tically significant differences in forages compared to the controls. In general, P. 
ehimensis IB 739 and Azotovit® promoted the nodulation of lupine, alfalfa, and 
pea; Ps. chlororaphis IB-51 was active in lupine and pea rhizosphere; Ps. ko-
reensis IB-4 only affected pea.  

No correlation was found between the number of nodules and the 
growth of roots. Roots were the longest in specimens treated with P. ehimensis 
IB 739 and Ps. chlororaphis IB-51, while Ps. koreensis IB-4 and Azotovit® did 
not have any significant effect on these indicators. The well-developed root 
system of lupines treated with P. ehimensis IB 739 had fewer nodules than their 
Azotovit®-treated counterparts.  

Analysis of nitrogen fixation is for preliminary evaluations only, as the 
experiment only lasted until flowering.  

 

 
Fig. 2. Nitrogen content of pea (Pisum sativum L.) cv. Chishminskii 95 (1), white lupine (Lupinus 
albus L.) cv. Dega (2), chickpea (Cicer arietinum L.) cv. Zavolzhskii (3), alfalfa changeable (Medica-
go ½ varia Martyn) cv. Galiya (4), white melilot (Melilotus albus Medik.) cv. Chermasan (5) (A) and 
soil after growing the plants (B) from seeds treated with PGPB strains: a — controls, b — Paeni-
bacillus ehimensis IB 739, c — Pseudomonas koreensis IB-4, d — Ps. chlororaphis IB-51, e — 
Azotovit®, f — plantless soil (pot test, 2017). 

 

Nitrogen content of roots and biomass peaked in plants inoculated with 
P. ehimensis IB 739 and treated with Azotovit®, see Figure 2A. In pea, the indi-
cator was 7.8% to 8.5% against 3.9% in the controls; in alfalfa, 6.7% to 7.2% 
against 5.0% (p  0.05). After the plants were removed, the nitrogen content of 
soil was found to have been boosted from the initial value (0.5%) for pea, chick-
pea, and alfalfa treated with P. ehimensis IB 739, lupine treated with Azotovit®, 
as well as in the soil where chickpea had been exposed to Ps. koreensis IB-4 or 
not inoculated at all (p  0.05), see Figure 2B. Apparently, P. ehimensis IB 739 
was the greatest nitrogen fixation booster.  

Notably, these data are not consistent with the nodulation readings. For 
instance, chickpea did not develop any nodules at all. Therefore, it only fixed 
nitrogen due to the non-Rhizobia nitrogen-fixing bacteria present in the rhizo-
sphere of the host plant.  

In P. ehimensis IB 739 experiments, the nitrogen reserves in soil were 
depleted while plants accumulated the element. At the same time, lupine treated 
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with Azotovit® did not consume nitrogen despite boosted nitrogen concentra-
tions in the soil.  

Analysis of these data did not identify any correlation between the nitro-
genase/nodulating activity of the strains and the intensity of fixing nitrogen. De-
spite P. ehimensis IB 739 and Ps. koreensis IB-4 being equally able to fix atmos-
pheric nitrogen, see Table 1, only P. ehimensis IB 739 boosted the nitrogen con-
centrations in soil and in peas. Seed treatment with a liquid Ps. chlororaphis IB-51 
culture boosted nodulation of pea and lupine due to auxin synthesis, but neither 
the plants nor the soil accumulated nitrogen.  

Microbiological assay of legume rhizosphere showed the microbial popu-
lation near large-seed plants peaked early, then dropped. On the contrary, the 
microbial population of the rhizosphere was growing towards the end of the ex-
periment in forages, see Table 3. This was assumingly due to the difference in 
lifecycles and nutrient accumulation strategies of perennials and non-perennials. 
By the end of the experiment, legumes had completed their active growth phase, 
which directly correlated with the displacement of nitrogen and other nutrients 
from vegetative to reproductive organs. However, perennials still continued to 
grow actively and to accumulate nutrients in their roots, which provided nutrition 
to the microbial community.  

Notably, the rhizospheric population of heterotrophs was significantly 
larger in non-inoculated plants than in their inoculated counterparts (p  0.05) by 
the end of the experiment. This can be interpreted as indirect evidence of intro-
duced strains affecting the aboriginal bacterial community. The population of 
nitrogen-fixing microorganisms in the rhizosphere was 107 CFU/g of soil 
throughout the experiment for controls and experimental plants alike. Perennials 
tended to increase the nitrogen-fixing population towards the end of the exper-
iment. 

 

 
Fig. 3. Root rot infection in pea (Pisum sativum L.) cv. Chishminskii 95 (A) and white lupine (Lupinus 
albus L.) cv. Dega (B) on Days 18 (a) and 45 (b) after inoculating the seeds with PGPB strains: 1 — 
Azotovit®, 2 — Pseudomonas chlororaphis IB-51, 3 — Ps. koreensis IB-4, 4 — Paenibacillus ehimen-
sis IB 739, 5 — controls (pot test, 2017). 

 

Bacterial inoculation, as well as treatment with Azotovit®, suppressed 
the growth of microscopic fungi in the rhizosphere of 2-week plants. By the end 
of the experiment, the difference in micromycete population between the con-
trols and the experimental groups was not significant. However, the strains con-
tinued to inhibit root rot throughout the experiment with an effectiveness of 33.7% 
to 62.1% for pea, 30.4% to 50.9% for white lupine, see Figure 3. Root rot morbid-
ity was the highest in plants treated with Azotovit®.  

Thus, the key finding is that introducing PGPB will not necessarily have 
positive effects on plants. Other researchers reported that bacterial treatment ef-
fectiveness could vary for different varieties of the same species [35, 36]. This is 
consistent with the reports of Yefimov et al. [37], who state that legumes are ex-
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tremely selective with respect to introduced bacterial strain and may respond dif-
ferently to biologicals.  

Auxin-like substances are known to simulate nodulation [38]. At the 
same time, low IAA concentration stimulates nodulation while higher concentra-
tions inhibit it [39]. This study failed to identify any correlation between the nodu-
lation and the bacterial growth promotion, whether its performance or nature 
(cytokinin- or auxin-based). However, since the strains did not inhibit nodula-
tion, it can be assumed that they did not suppress, or compete against, the abo-
riginal soil Rhizobia. 

Speaking of the role the free-living nitrogen-fixing bacteria have to play 
in plant nitrogen intake, the experiment proves that greater biological nitrogen 
concentrations in the soil will not necessarily result in a greater accumulation 
thereof in plant roots and biomass [40]. One of the reasons why could be that 
the atmospheric nitrogen fixed by diazotrophs may remain unavailable to plants, 
as it localizes in microbial biomass [41]. 

Thus, inoculating legume seeds with Paenibacillus and Pseudomonas, 
both of which combine such positive effects of phytohormone production, nitro-
genase activity, and antibiotic synthesis, did improve the germination rates, 
shoot and root growth, nitrogen intake, nodulation, and root-rot morbidity. Dif-
ferent legumes responded differently to PGPB introduction. In general, the ex-
periments suggest Paenibacillus ehimensis IB 739 is good for alfalfa and white 
melilot, Pseudomonas koreensis IB-4 and Pseudomonas chlororaphis IB-51 are 
good for pea and white lupine. 
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